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The use of copper ions for chemical ionization (CI) coupled with gas chromatography/mass
spectrometry (GC/MS) of hydrocarbons is reported. Cu1–CI was performed in a high-
pressure, fast atom bombardment ion source coupled with both a gas chromatograph and a
mass spectrometer. The suitability of the Cu1–CI method is illustrated by the analysis of pure
alkylbenzenes, alkylthiophenes, octenes, and by the analysis of a light mixture of aromatic
hydrocarbons. The Cu1–CI/GC mass spectra display an abundant [M163Cu]1 ion, together
with fragmentations, that are of structural interest. The detection limit for isobutylbenzene,
taken as model compound, is 100 times lower than that for electron ionization. (J Am Soc
Mass Spectrom 1998, 9, 731–734) © 1998 American Society for Mass Spectrometry
The study of gas-phase ion–molecule reactions oftransition metals with organic molecules hasbeen an attractive research area over the last few
years, as evidenced in recent review papers [1–4]. A
number of gas-phase metal ions have been used as
chemical reagents, to obtain the molecular weight of
compounds and to induce the decomposition of mole-
cules. However, little work has been carried out, to
date, on combining metal–ion chemical ionization (CI)
and conventional gas chromatography/mass spectrom-
etry (GC/MS). For the method to be general, an ioniza-
tion technique that produces metal ions without ioniz-
ing the sample molecules is needed. To the best of our
knowledge, the only approach of metal–ion–CI/
GC/MS was described 10 years ago by Gross and
co-workers [5], using Fe1–CI combined with GC/Fou-
rier transform mass spectrometry (FTMS). Atomic Fe1
ions were formed by multiphoton dissociation and
ionization of iron pentacarbonyl.
Here we describe a versatile metal–ion CI performed
in a high pressure, fast atom bombardment (FAB) ion
source coupled both with a gas chromatograph and a
mass spectrometer. Copper was chosen among various
transition metals (Fe, Co, Ni, Cr) because it was the only
one, under our experimental conditions, to give a stable
ion current for as long as an hour (an indispensable
condition for GC/MS analysis). For the other transition
metals tested, a continuous decrease of ion current was
observed. This phenomena has not been elucidated,
although it could be the result of a passivation of the
surface of the metal foil, which occurs more rapidly
with Fe, Co, Ni, Cr than with Cu. The experimental
procedures used for Cu1–CI–GC mass spectrometry
and the results obtained for the analysis of pure model
compounds (isobutylbenzene, n-alkylthiophenes, and
octenes) and for a mixture of aromatic hydrocarbons are
described below. In addition, the detection limit of the
method is reported.
Experimental
All experiments were conducted using a gas chromato-
graph coupled to a VG Analytical ZAB-HSQ mass
spectrometer [6]. The column was directly connected to
the high-pressure FAB source of the mass spectrometer.
The high-pressure FAB source was constructed from
conventional VG Analytical EI/CI and FAB ion source
parts with the same modifications described by Freas et
al. [7]. The conventional FAB probe tip was replaced by
a copper foil of high purity. “Naked” Cu1 ions were
generated by bombardment with fast xenon atoms (Xe
gas 7–8 keV kinetic energy, 1–2 mA of emission current
in the FAB gun, the temperature in the FAB source was
25°C, and the pressure was 1022–1023 Pa). It was
noticed that, as was reported in the literature [8] and in
accordance with our results, this procedure yields Cu1
ions as well as Cun
1 cluster ions with n up to 9. 63Cu1
and 65Cu1 ions were produced in a ratio that is close to
that of their natural abundance (100/41 versus 100/45,
respectively). In contrast, an isotopic effect [8] is ob-
served for the formation of cluster ions. As a conse-
quence, in the case of Cu2
1 and Cu3
1 clusters, which are
Address reprint requests to Dr. Jean-Pierre Morizur, Universite´ Pierre et
Marie Curie, Laboratoire de Chimie Organique Structurale, CNRS UMR 172
75252, Paris Cedex 05, France. E-mail: jpm@moka.ccr.jussieu.fr
© 1998 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received November 3, 1997
1044-0305/98/$19.00 Revised February 23, 1998
PII S1044-0305(98)00035-x Accepted February 24, 1998
far away the most abundant clusters, the difference
between the experimental intensities and their statisti-
cal contributions is apparent. The Cu2
1 clusters contain
three ions at m/z 126, 128, and 130 in a ratio 96/100/33
compared to 100/83/17 predicted by statistic calcula-
tions. For Cu3
1 clusters the experimental abundance
ratios for ions at m/z 189, 191, 193, and 195 (79/100/
75/11) also differ from the statistical ones (71/100/37/
7). The reason for this effect, which has also been
observed for metal ions produced by positive second-
ary ion emission from metallic targets, is unclear. The
observed isotope effect is probably the result of the
difference in emission velocity for the different isotopes
emitted with the same energy, as suggested by Yu [9].
A 50-m Chrompack CP Sil-8-CB capillary column
(0.32-mm i.d.; 1.2-mm film thickness) was used for all
analyses. Helium pressure was adjusted to give a col-
umn head pressure of 80 kPa. The isobutylbenzene,
alkylthiophene, and octene standards, obtained from
Lancaster Synthesis (Strasbourg, France), were used
without further purification. The mixture of aromatic
hydrocarbons was obtained from Elf Aquitaine (Centre
de Recherches d’Elf Solaize). All standards in pentane
solution (100 ng/mL) were injected (1 mL) in the split
mode (10:1) into the gas chromatograph.
Results and Discussion
Cu1–CI–GC–Mass Spectra of Isobutylbenzene
Cu1–CI–GC–mass spectrum of isobutylbenzene (IBB) is
shown in Figure 1.
The existence of 63Cu and 65Cu isotopes leads to an
easy identification of copper-containing ions. The Cu1
ions react with neutral IBB to produce IBB–63Cu1 at
m/z 197 (100%). The IBB complex loses predominantly
C3H6 (m/z 155–157) and a small amount of C7H8 (m/z
115–117). The mechanism involved in these fragmen-
tations remains largely unknown, although it is now
generally established that some gas-phase transition
metals activate C–C and C–H bonds [1]. For example,
Fe1, Co1, and Ni1 oxidatively add allylic C–C bonds, a
subsequent b-hydrogen atom transfer produces a bis
olefin complex, which fragments by competitive ligand
loss. It has been reported that Cu1 also activates the
allylic bond [10]. This behavior points out the fact that
the formation of an insertion intermediate with two
covalent bonds requires an electronically excited state
of Cu1 ions. In our experimental conditions, we can
suppose, as mentioned by Hornung et al. [11], that,
because of the relatively high pressure in the source
(1022–1023 Pa), collisional cooling of the ions takes
place and therefore excited states of Cu1 ions are not
likely to participate in the observed reactivity. On the
other hand, Lei and Amster [12] recently found that
thousands of thermalizing collisions with a buffer gas
are necessary to completely eliminate electronically
excited Cu1, when Cu1 ions produced by laser ablation
are trapped in a cell of a Fourier transform mass
spectrometer. If Cu1 is only produced in its ground
state, given its large promotion energy [13], it can react
via a different mechanism such as dissociative attach-
ment [10, 12, 14] rather than the classic insertion mech-
anism [15, 16]. However, the lack of a complete under-
standing of the reactions of Cu1 does not impede its use
as an analytical tool.
Our results strongly suggest that Cu1 catalyses the
cleavage of the benzylic C–C bond. This cleavage can be
followed by a b-hydrogen shift to the metal and back to
the benzyl ligand resulting in a toluene–propene com-
plex, which decomposes to yield [Cu–toluene]1 and
[Cu–propene]1 (Scheme I). The basis of this proposed
mechanism, in which Cu1 can keep its ground state in
all the steps involved, remains to be confirmed. In our
view, a theoretical study of the potential energy surface
of a simple model, such as an olefin, would need to be
undertaken to clarify the behavior of Cu1, taking into
account both ground state and electronically excited
state of this metal cation.
Besides production of Cu1 the formation of copper
cluster ions such as (Cu3)
1 and (Cu2H)
1 is observed; in
the presence of hydrocarbon- or hydrogen-containing
species cluster ions of stoichiometry (Cu2n1H)
1 were
often observed [17]. The [Cu2H]
1 ion appears to be
chemically active since it adds a butyl-benzene mole-
cule yielding a cluster ion [63Cu2H, C10H14]
1 at m/z 261
(10%). Some fragment ions of m/z 91, 77 were also
produced; similar results were described by Chen and
Miller [18] for the ion/molecule reactions performed in
a modified FAB ion source between transition metal
ions and aromatic nitriles C6H5(CH2)nCN (n 5 1 to 4).
Cu1–CI–GC–Mass Spectra of n-Alkylthiophenes
Mass spectra of n-alkylthiophenes 1–3 are summarized
in Table 1.
Figure 1. Cu1 chemical ionization mass spectrum of isobutyl-
benzene, 10 ng onto GC column.
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The reactions of Cu1 ions with n-alkylthiophenes are
very simple. Aside from the production of the Cu1–n-
alkylthiophene complexes (base peak for the com-
pounds 1 and 2), elimination of a neutral olefin is
observed: ethylene, propene, and butene from 1-Cu1,
2-Cu1, and 3-Cu1, respectively. These eliminations
occur via a mechanism similar to those described in
Scheme I. Moreover, an intense fragmentation at m/z
97, (C4H3S)CH2
1, is also produced. These results illus-
trate the potential of the method, which gives direct
information on the length of the chain in an alkyl
aromatic derivative.
Cu1–CI–GC–Mass Spectra of 1-Octene and Trans
2-Octene
Cu1 is known [10] to activate the allylic C–C bond of
alkenes. The 1-octene and trans-2-octene were chosen
because they may be distinguished by the preferential
insertion of a transition metal ion (Fe1) into the allylic
bond, as has been shown before [19]. The mass spectra
of the [Cu–C8H16]
1 ions fit a mechanism whereby an
olefin complex rearranges by an allylic cleavage instead
of a benzylic cleavage, as outlined in Scheme I. The
dominant fragment ions in the mass spectra of 1-octene
are [Cu–C3H6]
1 and [Cu–C5H10]
1, whereas the [Cu–
C4H8]
1 fragment is only present in the mass spectra of
trans-2-octene (Scheme II).
Cu1–CI Analysis of a Mixture of Aromatic
Hydrocarbons
The total ion chromatogram (TIC) obtained for the
analysis of a mixture of aromatic hydrocarbons by
Cu1–CI/GC/MS is presented in Figure 2A.
A comparison of this TIC with a GC chromatogram
(Figure 2B) obtained with a Hewlett-Packard 5880A gas
chromatograph (Les Ulis, France) using flame ioniza-
tion detection (FID) indicates that all compounds de-
tected by GC/FID were cationized under Cu–CI1 con-
ditions. Note that there are some differences between
the intensities of the peak in the Cu1–CI–TIC and those
of the GC/FID. Response coefficients of homologous
compounds in FID are usually similar. However, it is
likely that the cationic affinities of alkylbenzenes differ
according to the alkyl chain lengths and the number of
substitutions in the aromatic ring. This feature implies
that for a quantitative analysis, it would be necessary to
predetermine the relative response factors of the differ-
ent analytes present in the mixture. The selected ion
chromatograms representing the distributions of the
alkylbenzenes are shown in Figure 3.
The information about the distribution of the differ-
ent aromatic hydrocarbons present in the mixture are
easily deduced from Figure 3; in this figure, the ions
corresponding to different 63Cu1–alkylbenzene com-
plexes are selected. The composition of the mixture is
the following: benzene (peak 1), toluene (peak 2), C2-
alkylbenzenes (peaks 3–5), C3-alkylbenzenes (peaks
6–13), and C4-alkylbenzenes (peaks 15–20). Peak 14 (see
Figure 2A, B), which is absent in Figure 3, is not an
alkylbenzene derivative, it corresponds to 63CuC9H10
1
(m/z 181, base peak of the mass spectrum) and was
identified by comparison with an authentic sample to
be [63Cu–indan]1.
Figure 2. Analysis of a mixture of aromatic hydrocarbons. (A)
Total ion chromatogram obtained by Cu1–CI/GC/MS. (B) Chro-
matogram obtained by GC/FID.
Table 1. Mass spectra data for the main ion/molecule reactions of Cu1 with n-alkylthiophenes 1–3a
Compound MW
Mass-to-charge ratio
Adduct Loss of olefin Cu1
1 126 189 and 191 161 and 163 97 63 and 65
(100) (28) (70) (75)
2 140 203 and 205 161 and 163 97 63 and 65
(100) (33) (95) (65)
3 154 217 and 219 161 and 163 97 63 and 65
(90) (25) (100) (55)
aRelative abundances (%) are shown in parentheses
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Detection Limit of the Cu1–CI Method
To evaluate the detection limit of the Cu1–CI method,
samples of isobutylbenzene, taken as a model com-
pound, were analyzed at various dilutions in pentane
under identical chromatographic conditions. By scan-
ning the mass range from 70 to 200 u, a detectable
chromatogram (TIC) and a spectrum with sufficient
signal to noise ratio to identify the compound were
obtained by injection of 1 pg onto the column. The
Cu1–CI mass spectra corresponding to this dilution
contained the following ions, expressed in percentage
of the base peak: C7H7
1 (90%); 63CuC3H6
1 (12%);
63Cu2H
1 (20%); 63CuC7H8
1 (25%); 63CuC10H14
1 (100%).
When 0.1 pg is injected onto the column, a detectable
signal is still distinguishable on the selected ion chro-
matogram at m/z 197. But the 63CuC10H14
1 is not the
base peak of the spectrum, which is dominated by Cu
cluster ions at m/z 127 (63Cu2H
1) and at m/z 189
(63Cu3
1). The relative sensitivity of the Cu1–CI method
versus 70 eV electron ionization (EI) was evaluated by
using the same model compound. An identifiable spec-
trum was obtained by injection of 1 ng of isobutylben-
zene onto the column, and the base peak at m/z 91 was
distinguishable when 10 pg was injected. A better
detection limit could be obviously obtained with a more
efficient electron impact source. The results, obtained
under our experimental conditions, nevertheless indi-
cate that Cu1–CI is 100 times more sensitive than EI.
Conclusion
It is obvious that the mechanistic basis for the precise
action of Cu1 remains to be elucidated. To overcome
this lack of a complete understanding, we suggest a
theoretical study of the mechanism, where the 1-hex-
ene–Cu1 complex would be an appropriate model.
From the analytical point of view, we draw the follow-
ing conclusions. An intense [M163]1 ion peak is pro-
duced in the Cu1–CI mass spectra of aromatic hydro-
carbons and olefins such as octenes.
Cu1–CI mass spectra display fragmentations, which
are of structural interest. In all the examples reported
here, Cu1 catalyses the cleavage of a specific C–C bond.
The resulting cationized fragment ions give valuable
information such as the length of the chain of an
aromatic hydrocarbon.
The detection limit in our experimental conditions
for isobutylbenzene is increased by a factor of 100
compared to EI. Finally, the Cu1–CI method is simple
and suitable for GC/MS applications and may be useful
for obtaining structural information on organic com-
pounds via mass spectrometry.
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